A cloned 8.2 kb EcoRI fragment has been Isolated from a genomic library of DNA derived from TMticum aestivum L. cv. Cheyenne. This fragment contains sequences related to the high molecular weight (HMW) subunits of glutenin, proteins considered to be Important 1n determining the elastic properties of gluten.
INTRODUCTION
The high molecular weight subunits of glutenin (HMW subunits) are one of three sub-groups of prolamin storage proteins found 1n the seeds of barley, wheat and rye and are considered to be Important 1n Imparting elastomeric properties to gluten, the v1sco-elast1c protein component of dough (see reviews 1-3).
They are encoded by lod (Glu-1) on chromosome 1 of each of the three genomes (A, B, and D) of hexaploid bread wheat (Triticum aestivum L.) (3). The three homoeologous lod encode different numbers of HMW subunits 1n different wheat cultivars: 1n general Giu-Al specifies either zero or one, Glu-Bl either one or two and G1u-01 two major subunit proteins (4-6).
The genes 1n lod expressing more than one subunit have been shown to be closely linked (4-7). Despite this observed variation 1n expression at the protein level, each genome appears to contain the same number of genes when analysed by hybridization of a HMW subunit cONA sequence to restriction fragments of genomic DNA (8). It 1s not known why the Glu-Al genes are so often silent, but a survey of 28 sets of homoeologous lod has shown that the proportion of silent genes 1n the A genome 1s almost double that 1n the B genome and three times that 1n the D genome (9).
The variation 1n the HMW subunit compositions of different cultivars 1s associated with variation 1n bread-making quality (3) and there 1s y considerable Interest 1n determining how these proteins Influence the properties of gluten. Partial sequences of the proteins have been derived from direct N-terminal amtno-acid sequencing (10) and by deduction from cONA x sequences (8,11). Computer prediction of secondary structure based on these sequences, which 1s supported by circular dichroism spectroscopy, suggests that a considerable proportion of the molecule consists of Spurns (12, 13) . It has been suggested that the repetitive P-turns 1n the central domain form
'" an elastic B-sp1ral, similar to that proposed for elastin (14) , and that T these elastic monomers are assembled Into polymers by Intermolecular d1 sulphide bonds between the cysteine residues at the N-and C-term1n1 (13) . Comparison of the amino add sequences of the non-repet1t1ve portions "
of the HMW subunits with those of other cereal seed storage proteins, and K , with sequences of proteins present 1n dicotyledonous seeds, has provided Information on the evolutionary relationships of seed proteins (15) . However the conclusions that can be drawn, concerning both the evolution of the HMW *• subunits and their complete structure, are limited by the Incompleteness of r the sequence data: for example the full extent of the repeat region and the repositions of all the cysteine residues are unknown.
We have therefore Isolated genomic clones related to the HMW subunits and we report here the entire nucleotide sequence of a gene from chromosome 1A. This particular t gene was chosen because of the association of the chromosome 1A encoded subunit 1n Cheyenne (subunit 2*) with good bread-making quality (3), and also because some understanding of the lack of expression of genes located -*• 1n the A genome might be obtained. ,u.
METHODS

Plant Material
Aneuploid seeds of the cultivar Cheyenne, monosomic for chromosomes 1A, IB and 10 and nulUsomic for chromosome LA were kindly provided by Dr.
Rosalind Morris, University of Nebraska.
To check the composition of the HMW subunits 1n these lines, proteins were extracted from single seeds (16) and analysed by SDS-PAGE (17 The Smal/BamHI fragment was sub-cloned In pUC8 and designated pHSB26. Preliminary Information on the position of the multiple Pstl sites within this fragment was obtained by analysing Hindi 11/ 1-HncII fragments sub-cloned Into M13mpl8 and mpl9 (26) .
The repHcative forms were digested with Pstl and the restriction fragments separated on polyacrylamide (6%) gels (63) prior to blotting (64) and hybridization to pTaE-c256. The regions of pHSB26 sequenced are Indicated by arrows below the map.
Each arrow represents a separate M13 sub-clone and 1s coded according to the method of generation: arrows with circles Indicate Pstl fragments; arrows with squares Indicate Hindi 11/Hindi fragments; arrows w1th vertical bars Indicate Bal31 deletions made as follows. Clone pHSB26 was cut with BamHI, digested with Bal31, then with EcoRI and 11 gated to BamHI/Sall cut M13mpl9.
Deletions proceeding 1n the other direction were obtained using a Smal/PstI sub-clone (ca. 1.5 kb) 1n pUC8. In this the plasmid was cut w^tfTPsTT, digested with Bal31, cut with Hind 111 and 11 gated to a H1ndIII/SmaI cut vector M13mpl8.
Three sub-clones are labelled and mark those used for hybrid-selection of mRNA (see F1g. 4). Clone M13B5.9 extends from base 778 to base 1141 (see F1g. 3). Clones M13HH18.1 and M13HH19.7 represent a Hindlll/HincII fragment 1n both orientations and span the sequence between bases 1242 and 2070.
The position of putative transcriptional control elements and of codons Initiating and terminating translation of mRNA are Indicated. amino add sequence beyond the TAG codon through to position 2620, which 1s then followed by adjacent TGA and TAG codons (F1g. 3). The predicted C00H-tenninal amino acid sequence prior to these two stop codons (A S Q-COOH) agrees with the COOH-terminal sequence of a purified HMW subunit and that deduced from the nucleotide sequence of the cDNA clone, pTaE-c256 (11) . The remainder of the deduced amino add sequence between the Internal TAG and the TGA codon 1s very similar to that determined previously for pTaE-c256. In particular sequences related to the two consensus repeat motifs PGQGQQandGYYPTSLQQ (marked with broken and solid arrows respectively 1n F1g. 3 and encoded by nucleotides 1190 to 2494), were also observed 1n the cDNA clone (11). The sequence E G E A S starting at residue 22 1s Identical to that determined by direct sequencing of the NH2-termini of several HMW subunits (10). This suggests that residues 1-21 form a signal peptide that 1s cleaved post-translat1onally, a result consistent with the synthesis of the HMW subunits on the rough endoplasmic reticulum (2,34). The predicted signal peptide has characteristics common to other signal sequences (36) .
The nucleotide sequence shown 1n F1g. 3 extends for 814 bases 5' to the ATG codon and 295 bases 3 1 to the coding sequence.
In the 5 1 flanking region the sequence TATAAAA 1s present between 85 and 91 bases upstream from the ATG codon; this agrees 1n position and sequence with the expectations for a 'TATA' box 1n plant and animal genes (37, 38) . Sequences similar to the 'CCAAT' box 1n animal genes (39) are also present; CCAT which begins at position 696, CAAAT at 620 and CCAAT at 582 (119-233 bases upstream from the ATG codon).
The 5' flanking region also contains a series of three Imperfect direct repeats of 20 nucleotides (F1 g. 3, marked A) that have the consensus sequence GTGAGTCATAGCATACATAT. This sequence shows considerable homology to one half of the '-300 element' that 1s strongly conserved upstream from other prolamin genes (29) . These repeats are flanked by a direct repeat of another sequence (marked B). Several Inverted repeats are present and two are Indicated 1n the figure. In the 3' flanking region, a consensus polyadenylation signal sequence (boxed 1n F1 g. 3) 1s present 52 bases from the double stop codon and another sequence AATAAT 1s present a further 50 bases downstream, beginning at base 2728. Hybrid-select1on -trans!at1 on Normally the codon DAG functions as a stop codon. However recent work has shown that 1n at least one species of higher plant the two major cytoplasmic tRNAs TYR can act as UAG suppressors (40) . Thus, 1f the HMW subunit gene present 1n pHSB26 1s expressed 1n vivo then the mRNA should direct the synthesis of a polypeptide of molecular weight 37,292 or, 1f the stop codon 1s read through, 65,229. Three sub-clones were used to hybridselect mRNA from poly A + RNA Isolated from the membrane-bound polysomes of developing endosperms of the cultivars Cheyenne and Sentry. The released mRNAs were translated 1n vitro and the products separated by SDS-PAGE and (F1g. 4, lanes d and j) ; some low molecular weight polypeptides were also synthesized but there 1s no evidence of a major polypeptide of apparent M p between 30,000 and 60,000. In contrast, clone M13B5.9, which encodes the non-repet1t1ve N-term1nal portion of the coding sequence and some of the 5' flanking sequence (F1g.
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2), selected mRNA that specified one major polypeptide with a mobility equivalent to subunits 9 and 10 1n Cheyenne and subunit 12 1n Sentry (F1g. 4, lanes f and 1). An accurate M p for these subunits 1s not known: subunit 10 has been reported to be 1n the range of 84,000 to 118,Ood by SDS-PAGE (41) and subunit 12 1s estimated at 63,000 by sedimentation equilibrium ultracentrifugation (42) . It 1s possible that factors which promote readthrough of the amber codon are present 1n the reticulocyte lysate (40, 43, 44) and may also be present 1n the calf thymus tRNA preparation. However, 1t would be expected that a proportion of the polypeptides synthesized jn_ vitro would terminate at the Internal UAG. The apparent absence of a polypeptide of M r 37,000 suggests either that the corresponding mRNA 1s absent or 1s not translated 1n vitro.
DISCUSSION Gene Structure, Copy Number and Evolution of the HMW Subunits
The results Indicate that the HMW subunits of glutenin are encoded by between 6-18 genes 1n the hexaploid bread wheat cultivar Cheyenne and suggest that these genes belong to a small multigene family as previously shown for the cultivar Chinese Spring (8). Whether there 1s significant variation 1n the copy number of genes for the HMW subunits between cultivars, as has been reported for the A-gl1ad1n genes (45), 1s not known The apparent TAG stop codon at bases 1832-1834 (F1g. 3) occurs at the 3' of a 27 base repeat unit, 1n a position normally occupied by the glutaraate codon CAG, and 1t 1s probably the result of a pyr-pyr substitution.
In the absence of this substitution, the gene would have a 560 amino add coding region devoid of Introns. The nucleotide sequence of another HMW subunit gene (accompanying paper) also lacks Introns, making the coding regions of this family of genes perhaps the longest so far reported for a higher eukaryote not to contain Intervening sequences. Other cereal storage protein genes (38, 45) also lack Introns, unlike most higher eukaryotic genes Including those for legume seed storage proteins (46, 47) , and 1n contrast to Gilbert's suggestion (48) that genes with repeating structures are likely to contain Introns.
The pattern of repeats shown 1n F1g. 3 suggests that the sequence organization of the HMW subunits has arisen during evolution by a series of Intragenic duplications of two adjacent but unrelated ancestral units of 18 nucleotides and 27 nucleotides, 1n a manner similar to the model proposed for the evolution of the repetitive sequences of satellite DNA (49) . However, 1t 1s not clear why the shorter repeat unit 1s so often tandemly repeated whereas the longer repeat unit 1s not. The origin of much of the sequence from amplification of two primordial sequences probably accounts for the strong bias 1n the codon usage for several of the amino adds. For example 85% of all proline codons are CCA. This bias 1s not evident 1n other plant or animal genes (see (50) for review).
It has been suggested that the prolamins, which are unique to the Gramineae, are of relatively recent evolutionary origin (51) .
The HMW subunit genes possess several characteristics that suggest they are the most recently evolved of the prolamin gene families. Firstly, their copy number 1s the lowest for the three groups of prolamins (8, 24, 52, 53) .
Secondly, there appears to be less variation 1n the length of the restriction fragments related to the HMW prolamin genes than 1n those related to the Sr1ch or S-poor prolamins (8, 53, 54) . Finally, the repeated sequences show a considerable degree of conservation -much greater than that seen 1n the Sr1ch prolamins (see (50) for review).
Though apparently of recent origin, new evidence (15) suggests that the prolamins have evolved from another much older family of seed proteins. The proposed ancestral seed storage protein gene had three domains A, B and C which are still present 1n a super-family of salt-soluble seed proteins that Includes wheat a-amylase Inhibitor, barley trypsin Inhibitor and the 2S storage proteins of certain dicotyledonous seeds (15, 50) .
In the S-r1ch prolamins these three regions are fused with an N-term1nal domain that consists largely of repeated sequences (50, 55) . In contrast, the repeats 1n the HMW subunits (which are different from those 1n the S-r1ch prolamins) are between the A and C regions.
The B region, to date, had not been found. Analysis of the complete sequence 1n F1g. 3 by the DIAGON computer program using a graphic matrix (56) , has Indicated that the B region is present 1n the HMW subunit gene between residues 62 and 98 (50) (encoded by nucleotides 998 to 1108). Is this A-genome gene expressed?
Termination codons which reduce the length of the open reading frame have been found 1n genes of other multigene families (57) (58) (59) (60) .
Their presence does not mean the gene 1s not expressed; 1n the maize storage protein genes, nonsense mutations result 1n truncated ze1n polypeptides so that sequences hybridizing to members of the heavy chain class but encoding polypeptides of the light chain class are present (58) . The results of the translation of hybrid-selected mRNAs (F1g. 4) suggest that the HMW subunit gene present 1n pHR26 does not produce a truncated polypeptide. The selection of a raRNA giving a single major polypeptide of equivalent mobility to subunit 12 (which 1n Its mature form has an M p of 63,000 by sedimentation equilibrium ultracentrifugation (42)) could be Interpreted 1n terms of the synthesis of the 65,229 molecular weight polypeptide predicted by the longer coding sequence. However, 1n the cultivar Cheyenne, there 1s no evidence for an 1n vivo polypeptide of this mobility and encoded by chromosome 1A. Two reported analyses (18, 61) , and our own unpublished data using aneuploid lines of Cheyenne, fall to show any major chromosome 1A-encoded polypeptide of a mobility equivalent to that of subunits 9 and 10. It 1s possible that a minor band may be present but obscured by subunits 9 and 10 but this has not been shown. It would also be expected that 1f a transcript from this gene was selected by clone M1385.9 (F1g. 2), then the translation of a proportion of 1t would terminate at the Internal UAG. Although the rabbit reticulocyte 1n vitro protein synthesis system can read through an Internal UAG 1n TMV RNA, a major proportion of the polypeptides formed terminate at that codon (40, 43) .
A more likely explanation for our results 1s that clone M13B5.9 preferentially selects mRNA for subunit 10, which 1s encoded by a lQy allele (5,18): the nucleotide sequence of N13B5.9 1s 92% homologous to the same region of a putative lQy gene from Chinese Spring (accompanying paper) and 1n particular a region of 120 nucleotides shows 95% homology. Furthermore, the amino add composition predicted by pHSB26 1s much closer to that determined (10) for subunit 10 than that for 2*, particularly 1n the number of basic residues. This suggests that clone M1385.9 may be useful as a differential probe to Identify future genomic clones.
In conclusion, 1t 1s unlikely that the gene we have sequenced produces a functional mRNA and 1t 1s probably a silent gene from the A-genome encoding a y-type HMW subunit. The reasons for the apparent silence are not clear.
It 1s possible that the gene 1s transcribed: Goeddel et a!. (62) have described an Interferon pseudogene, containing termination codons and a framesMft mutation, which 1s still transcribed. F1g. 3 shows that the 5' and 3' flanking regions contain the major known consensus sequences. However, only part of the conserved sequence of the putative regulatory '-300 element 1 (29) 1s present. The 5' flanking sequence of the ID encoded HMW subunit gene from cv. Chinese Spring (accompanying paper) does not extend far enough to enable us to compare this region of the two genes. However, over their region of overlap, the two sequences are 84% homologous, and comparison using DIAGON (56) analysis (not shown) reveals no major Insertions or deletions. Only one region of 50 bp 1n both sequences, extending from -415 to -376 relative to the ATG codons, 1s highly divergent. Protein Structure Irrespective of whether or not 1t 1s expressed, the coding sequence of pHSB26 may be expected to be very similar to those of other, expressed HMW subunit genes. The sequence suggests that there are three domains within the HMW subunits: an N-term1nal domains of about 100 amino adds, a repetitive domain of over 400 amino adds and a C-terminal domain of about 40 residues. A number of significant observations can be made. Firstly, the nonapeptide and hexapeptide repeats make up the majority of the molecule (75% of the final protein). Based on computer predictions of partial cONA sequences (12,13) 1t 1s likely this repetitive portion 1s 1n the form of Bturns. Secondly, the sequence confirms the predicted presence of cysteine residues at the N-and C-term1n1 and the absence of any 1n the centre of the molecule (13, 42) . The sequence predicts 6 cysteine residues, five within 
